Abstract
Introduction
A Triangulated Irregular Network (TIN) is a popular model for representing terrain surfaces. It is widely used in GIS, computer graphics, and virtual reality (VR) . This is because it offers such advantages as a simple data structure to efficiently represent features of terrain and can be easily rendered using common graphics hardware. To represent the details of a terrain, a high-resolution TIN model (with dense triangles) should be used. However, this will lead to the need to process a large volume of data and cost a great deal in terms of computation time. On the other hand, although a lower-resolution TIN can reduce the volume of data, the details of a terrain surface will be lost. Therefore, a multiresolution TIN model that can represent the details of a terrain on different levels using variable resolution according to different requirements would be a solution to this
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Bisheng Yang, Wenzhong Shi, and Qingquan Li problem. A multi-resolution TIN model can precisely describe various levels of surface morphologies using an integrated TIN model with different resolutions. The multi-resolution TIN model should also preserve feature points (e.g., saddle points) and feature lines (e.g., the boundary of a terrain feature) at different levels of detail. A single-resolution TIN model has to consider a trade-off between computation time (e.g., the time required to interpolate a higher-density TIN model based on a lower-resolution one) and volume of data in the storing of a TIN model. A higher-resolution TIN model requires a larger volume for storing data, while a lowerdensity TIN model takes much more time in interpolation and computation to generate a higher-density TIN model. It is a fundamental issue for 3D visualization and analysis in a GIS to simultaneously visualize terrain in detail in 3D and to process the data at a rapid speed. This target can be attained using a multi-resolution TIN model, an efficient technique for the rapid rendering and visualization of a digital terrain in different resolutions without losing too many details of the corresponding terrain surface in the real world.
A Review of Related Studies
The multi-resolution model has been a focus of research in many areas, such as 3D compression, the visualization of terrain, the simplification of models, multi-resolution analysis, and progressive transmission. Several methods and algorithms have been developed for constructing multiresolution models (De Floriani, 1989; De Floriani et al., 2000; Eck et al., 1995; Lindstrom et al., 1996; Hoppe, 1996 Hoppe, , 1998 Garland, 1999; Shi et al., 2002 Shi et al., , 2003 . A review and analysis of the existing solutions was given by Heckbert and Garland (1997) . At present, there are three categories of algorithms that pertain to the multi-resolution model and that deal directly with triangle meshes. These are the algorithms that (a) simplify a mesh by removing the vertex; (b) simplify a mesh by removing the edge; and (c) simplify a mesh by removing triangulation (Ribelles et al., 2002) . Other related studies include a multi-scale spatial database (Jones et al., 1992) and adaptive refining strategies (Zorin, 1997) based on a loop scheme.
De Floriani et al. (2000) developed a system based on the hierarchical triangle model, which was proposed by De Floriani (1989) to construct multi-resolution TINs. Algorithms on hierarchy triangle models were addressed by Heller (1990) , Soucy and Laurendeau (1992 , 1996 ), De Floriani et al. (1996 , Voigtmann et al. (1997) and Pedrini (2000) . The principle of this category of algorithm is to iteratively insert a vertex into the regions of a TIN model with a lower level of accuracy based on the Delaunnay triangle algorithm. However, it is still hard to control for global errors and it is possible for triangles with a long and thin shape to appear during the modeling of such a TIN. Vertex decimation solution (Schroeder et al., 1992; Ciampalini et al., 1997) was proposed, which dramatically improved the speed of performance. However, the original topological relationship may change when recovering a TIN model from a lower to a higher resolution. Wavelet methods provide a fairly clean mathematical framework for decomposing a surface into a base shape plus a sequence of successively finer surface details. Approximations can be generated by discarding the least significant details. Many methods have been developed to construct multi-resolution triangle models based on the transformation of wavelets, such as those by Mallat (1989) , Gross et al. (1995) , and Bonneau (1998) . The major principle of this kind of method is to generate a wavelet decomposition of surfaces with subdivision connectivity. Consequently, the resulting approximations may be relatively far from optimal, because they may use a large number of triangles simply to preserve subdivision connectivity. The iterative edge contraction algorithm (Hoppe, 1996; Garland and Heckbert, 1997; Xia et al., 1997; EI-Sana and Varsheny, 1999; Kim and Lee, 2001 ) is another kind of algorithm to construct multi-resolution TIN models. The major difference among these solutions is in the selection of the candidate edges and calculation of errors of models. For example, Hoppe (1996) used minimum energy cost, while Garland and Heckbert (1997) used quadric error metrics and, based on this, developed Qslim software (Qslim, 1997) . Kim and Lee (2001) developed the edge collapse/vertex split based on the concept of dual piece. The proposed dynamic method presented in this paper for generating multi-resolution TIN models falls into this category.
The advantage of the iterative edge contraction algorithm is its hierarchical structure. Generating a hierarchical structure is essential, as it is a precondition to retaining the topological relationship of the original TIN model. Moreover, the storing of a hierarchical structure and the judgment of the vertex dependency relationship have a significant effect on rendering speed and data storage. Second, the vertex dependency relationship in the hierarchical structure is the foundation for constructing the view-dependent multiresolution model. Xia et al. (1997) stored the explicit relationship of the vertex dependencies. EI-Sana and Varshney (1999) improved the storage of data by storing the data implicitly. In fact, EI-Sana and Varshney's approach is unnecessarily restrictive (De Floriani and Magillo, 2001) , and can prevent a further simplification of the original model. Another important aspect to be considered is the "quality" of a multi-resolution model. Here, quality is described by the indicator of the root mean square error (RMSE) of elevation, the valid topological relationship and shape of the triangles in a multi-resolution TIN model. Most current studies of multi-resolution models have focused on speed of performance and data structure. However, an important aspect, evaluating the quality of a model, is normally ignored.
This study will propose a new method to encode and store the vertex dependency relationships in multi-resolution TIN models. The primary contribution of this proposed solution would be to improve the speed of performance in edge collapse and vertex split algorithms, and to improve the validity judgment of the edge collapse/vertex split. Furthermore, a new scheme for storing and encoding vertex relationships implicitly is proposed. As a result, the storage of data in vertex dependency relationships is reduced. Second, a view-dependent multi-resolution TIN model can be easily constructed based on the structure of the vertex tree in the proposed dynamic method for generating multi-resolution TINs. Following this introduction, the rest of the paper is organized as follows. The principle and major operational procedure (the validity judgment of the edge collapse, encoding and storing the vertex dependency relationships in a vertex tree) of the proposed dynamic method is described followed by the data structure and pseudocode algorithm of the proposed method. This is followed by several experimental studies to test the performance of the proposed approach and evaluate the quality of the multi-resolution model. Finally, conclusions are drawn and further development is discussed at the end of the paper.
The Dynamic Method for Generating Multi-Resolution TIN Models A new dynamic method for generating multi-resolution TIN models, which is based on the edge collapse and the vertex split algorithm (as illustrated in Figure 1 ) is developed. According to the principles of edge collapse and vertex split, four key issues need to be resolved in this study in order to develop an efficient solution for the generation of multi-resolution TIN models. These are (a) to select candidate edges for collapse; (b) to store and encode the vertex relationships; (c) to judge the validity of edge collapse and vertex split, and (d) to evaluate the quality of a model.
Of the above four issues, the first three are on topological validity in a multi-resolution model and on the performance of the model. The fourth issue is about the quality of the multi-resolution model. In constructing a multi-resolution model, edge collapse and vertex split operations are essential. They will affect whether an operation can proceed according to the number of triangles in a multi-resolution model or to the quality of a model, which can be indicated by the RMSE of elevations or by the maximum error of elevation in a terrain model. The workflow of our approach is illustrated in Figure 2 , where the major steps of the approach are elaborated.
As indicated in the workflow in Figure 2 , the procedure of constructing a multi-resolution model can be represented as:
. Here, we suppose M 0 to be the original model. The procedure from M 0 to M n is the process of edge collapse, and the reverse procedure is the vertex split process. Clearly, in each step of the operation from in the model, the edge collapse or vertex split will occur. The valid operation on edge collapse and vertex split is the precondition to avoiding the triangle fold-over and retaining the correctness of topological relationships. This is the foundation for further operations on the model.
Selection of Candidate Edge for the Contraction of TIN
Many methods have been proposed for selecting candidate edges for collapse, for example, the quadric metric error method , the minimum energy method (Hoppe, 1996) , and the method of the distance to the average plane ( Figure 3 ) (Schroeder et al., 1992) . The quadric metric error and minimum energy methods consider the global accuracy of a TIN model. However, the speed of the performance of these methods is relatively lower and larger volumes of data are required. The minimum energy method is also somewhat difficult to implement (Lindstrom and Pascucci, 2002) , while the method based on the distance to the average plane is easier to implement. Moreover, this method occupies less storage space.
The operation of an edge collapse is divided into two steps. The first step is to select candidate edges; and the second is to judge the validity of the operation. The candidate edges are chosen according to the distance to the average plane. The edge within the minimum distance to the average plane will normally collapse first. The average plane can be easily constructed according to the proposed method in Schroeder et al. (1992) , and the distance can be calculated by the formula from a point to a plane. For one edge Ͻp 1 , p 2 Ͼ, suppose d 1 and d 2 be the distance of vertices p 1 and p 2 to the average plane, respectively. The distance of the edge Ͻp 1 , p 2 Ͼ to its average plane is (d 1 ϩ d 2 )/2. By using this method, the distance of all of the edges to their average planes can be ranked based on the distance values stored in a stack structure. The edge with the minimum distance to the average plane will be first popped from the stack for potential collapsed.
Although the criterion based on the distance from a point to a plane is viable, an additional criterion is added to control the quality of the model when an edge collapses in this proposed dynamic method. In Figure 3 , the edge in bold is the common edge of two triangles. When the edge is collapsed, the two triangles disappear. Suppose that the normal of the two triangles are n i and n j , respectively; the angle between the two triangles can then be calculated by (1) During the procedure of constructing a multi-resolution model, the angle between two triangles can be an additional criterion for the selection of the candidate edges. For example, 75°can be set as a threshold. If the angle is beyond the threshold, the selected candidate edge is invalid for an edge collapse. This criterion is useful for retaining those feature lines, such as geomorphology features like ridgelines, in the original model. Once the candidate edge is chosen, the next step is to operate an edge collapse.
According to the workflow of the proposed method, whenever an edge collapse or vertex split occurs, the local topological relationship among vertex, edge, and triangle will change. Here, we specify these topological relationships as vertex dependency relationships. It is necessary to maintain the vertex dependency relationships during a run time in order to retain the topological correctness of multi-resolution model. This is the precondition to recover a TIN model from a lower resolution to a higher one, to judge the validity of the edge collapse/vertex split, and to build a view-dependent multi-resolution model. It is very important to manage and store the vertex dependency relationships efficiently in terms of performance in speed and volume of data. If the vertex dependency relationships are stored explicitly, a large amount of space for storing data will be required. In order to efficiently record and encode the vertex dependency relationships, a data structure of a vertex tree is proposed to manage and store the vertex dependency relationships. Correspondingly, the encoding method was developed based on the general bracketing method (Donaghey, 1980) , which has proven to be a concise structure for representing vertex relationships in a tree structure (Park et al., 2001 ). Figure 4 illustrates the result from encoding an original graph. Based on the general bracketing method, a graph can be represented with a nested pair of brackets. The left bracket can be denoted as 0, and the right bracket as 1. The tree structure, including the vertex, connectivity, and position level can be decomposed into a set of nested brackets. The connectivity and position level of the vertex in the tree structure can be recovered from the sets of brackets. The encoded result of a tree consists of a set of brackets (bit-stream of 0 and 1) and a set of reordered vertices. Therefore, the connectivity of the vertex can be encoded with 2-bits per vertex (Park et al., 2001) . Based on the normal methods, the connectivity among parent, left-and right-child (a minimum subtree) is represented by a pointer (4-bits per vertex). Compared with other methods, the general bracket method greatly reduces the need for storage space. This is very helpful for reducing the cost of storing data. 
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The Vertex Tree
During the running of the proposed method, vertex splits or edge collapses may occur continuously. As a result, a large number of vertex dependency relationships need to be recorded and managed. In order to encode and store the vertex dependency relationships in such a tree structure based on the bracketing method, a virtual vertex is inserted as the root node of the tree. When we construct a multiresolution TIN model from an original TIN model, one of the most important issues is to encode the correct vertex dependency relationships in order to avoid the problem of triangle fold-overs in the multi-resolution TIN model. Based on the bracketing method, the vertex tree can be encoded by a set of recorded vertices and a set of brackets (bit-stream of 0 and 1). The bracket set implicitly records the connectivity and the position level of the vertices in a vertex tree. Because the minimum unit in the vertex tree is a binary tree (one parent vertex has two child vertices), the vertex traversing algorithm is easy to implement based on the depth first traversing algorithm. The connectivity and position level of the vertices in the vertex tree can be encoded dynamically by traversing the bracket sets. During a process of a vertex splits and edge collapses, the vertex dependency relationship in the multi-resolution TIN model at a certain running time can be represented. An example is illustrated in Figure 5 . Various resolutions or view-dependent models of the original model can be adjusted by selecting different vertices in the vertex tree (A or B in Figure 5 ). However, randomly splitting the vertex and collapsing the edge may lead to an invalid topology (triangle fold-overs) in the representation of the multi-resolution model, as in, for example, the case illustrated in Figure 6b . Therefore, the edge collapses or vertex splits during a running time must conform to certain rules in order to avoid the problem of invalid topology. Xia et al. (1997) proposed the following validity rules on vertex split and edge collapse: vertex c can be collapsed to vertex p, only when the vertices p 0 , . . . ,p n are present as the neighbors of p and c for display (see Figure 6a) . However, the rigorousness of the rules needs to be further investigated. Although the vertex neighborhood relationship conforms to the specified rule, triangle fold-overs are still inevitable when vertex c is collapsed to p (as illustrated in Figure 6b ).
Validity Rules on Vertex Split and Edge Collapse
The new rules are proposed in order to overcome the deficiency of the existing rules and to avoid the problem of triangle fold-overs. We first define the following concepts:
• Adjacent vertices of a vertex: This is defined as a set of vertices (p 1 , . . . ,p 6 ), where each vertex and the original vertex consists of one edge in the TIN model (Figure 7a ).
• Adjacent triangles of a vertex: This is defined as a set of triangles (for example, triangles 1 through 6 in Figure 7a) , where all of the triangles in the set have a common vertex p.
• Influence region of a vertex: This is defined as the polygon, which is constructed using all of the adjacent triangles of the vertex (polygon p 1 , . . . , p 6 ) (Figure 7b ). Based on the above concepts, the following rules are defined for checking the validity of the vertex split and edge collapse during a running time. The rules are rigorous, and can be used to prevent surface fold-overs.
Proof of Rule 1
We assume that the adjacent vertices of vertex v b is , and that vertex v a is within this vertex set. According to the principle of edge collapse, the new edges will be generated by connecting vertex v a to another vertex v i in the vertex set (v i ≠ v a ). Because the polygon composed by the vertex set is a convex polygon, the new edges will not intersect with other edges in this polygon. It is thus a safe solution to collapse an edge. vertex v a in order to recover the original topological relationship among vertices, edges, and triangles. With Rules 1 and 2, a rigorous mathematical foundation for edge collapses and vertex splits is established. These are the preconditions to avoiding invalid triangles in the multiresolution TIN model. An invalid triangle, which can be noticed visually in a visualized 3D TIN model, may occur if these conditions are not fulfilled.
Proof of Rule 2

Implementation of the Dynamic Method
Data Structure Data structure has a great impact on the operational efficiency of an algorithm or model. In order to facilitate the selection of the candidate edges for collapse and the calculation of the distance of a vertex to an average plane, the data structure for the vertex, triangle, and vertex tree is given in pseudocode as follows. The data structure is also illustrated in Figure 8 . Compared with the data structure of a vertex tree and a vertex, the data structure of a triangle is much simpler. In the data structure of a vertex, the adjacent triangles and adjacent vertices of the vertex are ordered in a counter-clockwise fashion. This design is to improve the efficiency of acquiring the influence region (the polygon) of the vertex. The variable "m_nLayerinTree" is the height of the vertex in the vertex tree. The height of the root vertex in the vertex tree is zero, and the variable "m_dDistanceto AveragePlane" is used to record the distance from the vertex to the average plane.
Algorithm in Pseudocode
When an edge collapses or a vertex splits, vertex dependency relationships are generated, such as two vertices that merge into one or one vertex that splits into two. The vertices and their dependency relationships will be inserted into the existing vertex tree, and will be encoded based on the bracketing method. The algorithm in pseudocode for constructing a vertex tree based on the bracket method is given as follows: /*insert the vertices and vertex relationship in a vertex tree based on the bracket method*/ buildvertextree (Vertex v1, Vertex v2, Vertex tree* pTree) { /*choose one as the new vertex from v1 and v2, suppose that v1 is selected as the new vertex*/ v1 ϭ GetNewVertex (v1, v2); /*traverse the vertex tree to judge whether v1 is already in the vertex tree*/ int nFlag ϭ Traverse (pTree); if(nFlag) /* v1 exists in the vertex tree*/ /*insert v1 and v2 in the existing subtree, suppose that the right brother of v1 is b, figure 9 -a*/ Appendsubtree(pTree, v1,v2); /* the encoding result is v1,b,v1,v2,00101101*/ else /*v1 does not exist in the vertex tree*/ /*build a new subtree and insert v1,v2, suppose v1 is the parent, figure 9-b*/ StoreNewsubtree (pTree, v1, v1, v2) ; /* the encoding result is v1,v2,v2, 001011*/ } The vertex tree records the procedure by which an original TIN model is transformed to a multi-resolution TIN model. Such a tree is indispensable for a further edge collapse, for adjusting the resolution of a local region in the TIN model, or for recovering the original model by a vertex split. The following is the algorithm of the proposed method in pseudocode: /*construct multi-resolution model and encode the vertex relationship with the bracket method*/ ConstructMulti-resolutionModel(Vertex* pVertex) { Vertex tree* pTree; /*the vertex tree is to store the vertex set and relationship*/ SelectionCandidateEdge( pVertex); /* select the candidate edge for a potential collapse */ While (error Ͻ threshold) { CollapseEdge(vertex1, vertex2);/*collapse the edge*/ If(error Ͼ threshold) SplitVertex (vertex1); /*split the vertex*/ buildVertextree(vertex1, vertex2, pTree); /*build the vertex tree with the bracket method*/ UpdateCandidateEdge(); /* update the candidate edges for collapse*/ } } Figure 10 demonstrates an example of the vertex tree and the encoding results of a time instant during running of the proposed method. In Figure 10 , the vertex set in the vertex tree is {8 9 8 10 9}. Assuming that the accuracy of the multi-resolution TIN model is lower than that specified by the given threshold, many of the vertices need to be split in order to improve the accuracy of the multi-resolution TIN model. According to the vertex tree, both vertex 8 and vertex 9 can be split. It is clear that the vertex 9 must be split before vertex 8. Otherwise, the topological relationship in the original TIN model will change. When vertex 9 is split, the adjacent vertices of vertex 9 will be traversed to check and see if they conform to Rule 2. The results of applying the vertex traversing algorithm to the vertex tree show that vertex 8 is one of the adjacent vertices of vertex 9. Furthermore, the position level of vertex 8 in the vertex tree is higher than that of vertex 9. Since the condition of the vertex dependency relationship does not conform to Rule 2, the splitting of vertex 8 must occur before that of vertex 9.
When an edge collapses or a vertex splits, the balance of the vertex tree changes. Each vertex in the vertex tree corresponds to a certain influence region. A well-balanced vertex tree means that edge collapses and vertex splits occur among different regions in the original TIN model, and that the overlap of these regions occupies a smaller area within the original TIN model. Therefore, the balance of the vertex tree is related to the shape of the triangle in the multiresolution TIN model. A better balance means less chance of generating long and thin triangles during the construction of the multi-dimensional TIN model. To retain reasonable balance in a vertex tree, as many edges as possible should collapse at each level of the vertex tree. As a result, continuous collapses of edges at a small local region can be avoided. This means that the chance of generating thin and long triangles is very low. Figure 9 . Construction of a vertex tree. Figure 11 . A comparison of speed of performance.
Experimental Study and Analysis
The aim of this experimental study was to provide evidence of the speed of the performance of the proposed method, and also to evaluate the multi-resolution quality generated by the proposed method. The proposed method was implemented in C ϩϩ language in the Windows XP ® operating system platform. The Crater Lake data model (Carter Lake, 1997) with a total 199,114 triangles and 100,000 vertices was selected for this case study. The experiment was tested in a Dell™ laptop with the configuration Pentium IV 2.0 GHZ, 256 MB RAM.
Several TIN models with different resolutions were acquired based on the proposed method in this paper. As a step beyond the other algorithms related to the simplification of models, here we evaluate not only the speed of the performance, but also the quality, of the generated multiresolution TIN model. In fact, the quality of the multiresolution terrain model has a critical impact on the visual effects and on results of calculations, such as visibility calculation, 3D visualization, 3D queries and others. The accuracy of the vertex elevation is an important factor in the quality of the terrain model. The RMSE of elevation was used as an error indicator to measure the quality of a TIN model. In our approach, the elevation RMSE of terrain models in various resolutions was calculated to evaluate the quality of a TIN model. In order to test our approach, the speed of performance and quality of the model based on the proposed method in this study were compared with those of Qslim © 2.0 software (Qslim, 1997) . Table 1 shows a comparison of the results from the multi-resolution TIN model based on the method of the Qslim © 2.0 software and the results from the newly proposed method in this study. Table 1 summarizes the results of the comparison in generating multi-resolution TIN models between Qslim © and the newly proposed method in this study. The resolution of TIN is indicated by the vertex and triangle number, the quality is indicated by the RMSE of the elevation, and the speed of performance is described by run time. The run time span is defined as the time cost from the loading of the data to the output of the results. Figure 11 illustrates a comparison of time performance between the method newly proposed in this study and that of the Qslim © 2.0 software. The test result shows that, compared with Qslim © 2.0, the newly proposed method reduces the run time by about 75 percent. Furthermore, the quality of the TIN model that is generated based on the newly proposed method, in terms of the RMSE of elevation, is also smaller than that from the Qslim ® software. For example, for the level_3 TIN model, the number of triangles is 7.5 percent that of the original model, and the elevation accuracy (RMSE) based on the newly proposed method is 1.11 m (compared with 1.33 m based on the Qslim © solution), and the running time is 4.43 seconds (compared with 5.92 seconds for the Qslim © solution). Figure 12 gives an example of the 3D visualization result of the multi-resolution terrain model by both the gray model and wire frame model. Figure 12a shows the approximated terrain model that uses 7.5 percent of the original triangles, and Figure 12b shows a further simplified terrain model that uses 0.5 percent of the triangles in the original terrain model. These represent two examples of multi-resolution TIN models.
Because of continuous collapses of edges and vertex splits during run time, long and thin triangles may be generated. The shape of the triangles also has a visual effect on the visualization results. Triangles with long and thin shapes are considered to be of a lower quality in terms of graphic shape. As in Gueziec (1995) , Equation 2 is adopted to evaluate the quality of the triangles. represents the area of the triangle, and l 0 , l 1 , l 2 represents the length of three edges of a triangle.
(2)
In Equation 2, the value of quality ranges from 0 to 1. For an equilateral triangle, the value of quality is 1. The lower value indicates the lower quality of the triangle in terms of shape. To evaluate the quality of the triangles in TIN models of different resolutions, the distribution of quality in terms of the number of triangles within different ranges of values for quality is calculated. Delaunnay triangulation can offer good quality in terms of the shape of the triangles; it is not used in our approach in order to maintain the topological relationship of the original model. Figure 13 illustrates the results of the quality distribution of the triangles. The number of triangles in the simplified model is about 2.5 percent of the original number (total triangle numbers ϭ 5,000). Figure 13 demonstrates that the percentage of triangles located within the quality range of 0.4 and 1.0 is over Figure 12 . 3D visualization result of the multi-resolution TIN model by both gray model and wire frame model: (a) number of triangles ϭ 15,000 (7.5 percent), number of vertices ϭ 7,678 (7.7 percent), and (b) number of triangles ϭ 546 (0.5 percent), number of vertices ϭ 1,000 (0.55 percent).
80 percent, and that the percentage of triangles located within the quality range of between 0.0 and 0.1 (lower quality) is about 0.8 percent. Triangles of lower quality comprise a very low percentage. Therefore, the quality of the triangles in the simplified terrain model is very high. The results indicate that the proposed method in this study is able to achieve a higher quality of graphics for the multi-resolution models.
Construction of the View-Dependent Multi-resolution Model
As an application of the newly proposed method, we construct the view-dependant multi-resolution TIN model as follows. In the newly proposed approach, the vertex tree plays an important role during the construction of the multiresolution model. The collapse or split of the vertex in the vertex tree will lead to a change in resolution. A viewdependent multi-resolution model is of vital importance when flying or walking through visualization, especially when the volume of spatial data is very large. Based on the vertex tree in our approach, each vertex in the vertex tree has a certain level of error. By reducing the vertex error in the view scope and enlarging the vertex error out of the view scope, the view-dependent multi-resolution model can be constructed dynamically. Figure 14 shows an example of a view-dependent multi-resolution model.
Analysis of the Time Complexity of the Newly Proposed Method
In order to efficiently generate the multi-resolution TIN model, it is essential that the time cost of the algorithm be reasonably low. In the newly proposed method, the time cost covers two phases: one is for the initialization of the edge pair, and the other for the construction of the vertex tree based on edge collapse or vertex split. We assume that each vertex has an average of six adjacent vertices, and that each vertex has ten adjacent triangles. After an edge collapse operation, the number of adjacent triangles of each vertex is reduced to eight. The number of triangles is reduced by a factor of 4 to 5. The time cost for the edge collapse or vertex split operation is O(n). The time cost for constructing the vertex tree is n ϩ 4n/5 ϩ 16n/25 ϩ . . . ϭ O(n). The above ideal condition is based on the fact that the edge is selected arbitrarily. In the actual running time, the edge is selected according to the distance to its average plane. All candidate edges are ordered according to the distance to the average plane. Thus, the edges can be stored in a heap structure for local updates, and the candidate edges that are stored in a heap require O(nlogn). Thus, the whole time complexity of our method is O(nlogn). The time complexity of our approach is the same as that of the methods employed by Xia et al. (1997) and Garland and Heckbert (1997) .
Conclusions
This paper addressed the issue of dynamically generating multi-resolution TIN models, which has attracted much attention in the areas of computer graphics, virtual reality, scientific visualization, and GIS. A new method for dynamically generating multi-resolution TIN models was first proposed in this paper. The speed of the performance in encoding the vertex dependency relationships during run time, and the edge collapse/vertex split is improved when compared with the existing solutions. Second, a vertex tree model was proposed to manage and store the vertex dependency relationships during run time. A new encoding method was also provided, based on the bracketing method. As a further improvement to the existing solutions, the new approach reduced the volume of data and improved the speed of performance. Third, two new rules for edge collapse and vertex split are newly defined. The problem of surface fold-overs during run time can thus be overcome by implementing these rules. For the assessment of multi-resolution TIN model, we have extended the assessment indicator from speed performance only to a set of more comprehensive indicators, covering (a) time cost, (b) quality, and (c) the view-dependent multi-resolution model. The root mean square error of the elevation and the quality of the shapes of the triangles were proposed to evaluate the quality of a generated multiresolution TIN model. The indicators of quality can also be used as a criterion to control the level of simplification from the original terrain model. A direct application of this technique is to generate a view-dependent multi-resolution model by adjusting the vertex error in the vertex tree.
The experimental results in this study indicate that the newly proposed approach has a better speed of performance and with a higher quality, in terms of the elevation root mean square error and the quality of the shapes of the triangles, compared with the existing solutions.
A further study of this proposed method will focus on improving the quality of the multi-resolution model, especial for cases in which the model has fewer vertices.
